Background: few previous studies have investigated the association between the severity of an infectious disease and the length of incubation period. Methods: We estimated the association between the length of the incubation period and the severity of infection with the severe acute respiratory syndrome coronavirus, using data from the epidemic in 2003 in Hong Kong. Results: We estimated the incubation period of severe acute respiratory syndrome based on a subset of patients with available data on exposure periods and a separate subset of patients in a putative common source outbreak, and we found associations between shorter incubation period and greater severity in both groups after adjusting for potential confounders. Conclusions: our findings suggest that patients with a shorter incubation period went on to have more severe disease. further studies are needed to investigate potential biological mechanisms for this association.
T he incubation period of an infectious disease is the time from infection to onset of disease. estimation of the incubation period of a novel pathogen can be vital for prevention and control, for example to determine appropriate duration of quarantine or observation of exposed persons. 1 in 2002-2003, there was an epidemic of severe acute respiratory syndrome (SArS) caused by a novel coronavirus with more than 8,000 cases worldwide, mainly in Asia. the mean incubation period was rapidly estimated during the outbreak to be approximately 6.4 days, 2 and subsequent studies estimated a slightly shorter mean incubation period of approximately 4.0-5.3 days. [3] [4] [5] [6] estimation of the incubation period of a pathogen such as the SArS coronavirus can be complicated because infection events cannot be directly observed and exposure data are consequently interval-censored. 7 the incubation period is thought to be a function of the initial infective dose, the speed of replication of the pathogen within the host, and within-host defense mechanisms. 1 few previous studies, to the best of our knowledge, have investigated the hypothesis that the incubation period might be correlated with the severity of disease, although some studies have examined the correlation between infecting dose and severity of disease. 8, 9 Here, we analyze the association between the length of the incubation period and the severity of SArS using data from the 2003 outbreak in Hong Kong.
MATERIALS AND METHODS

Sources of Data
information on all 1,755 probable cases of SArS coronavirus infection were recorded in an electronic database extracted from a secure web-based data repository containing clinical and epidemiologic data on all probable SArS cases admitted to hospitals in Hong Kong throughout the entire epidemic between february and July 2003. 10 further details of the definition of a probable case of SArS and the database are reported elsewhere. 10, 11 All data were anonymized and specific ethical approval for re-analysis of these data was deemed unnecessary. in a subset of cases, information was available on dates of exposure to infection, and in the majority of cases this was recorded as intervals of two or more days 
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Coronavirus Infection during which infection may have occurred rather than exact dates of infection. 2, 6, 7, 10 We also analyzed a separate subset of cases who were residents of the Amoy Gardens housing estate where a potential super-spreading event occurred in March 2003. [12] [13] [14] for these patients, we removed the small proportion of cases with onset dates before the main outbreak and with onset dates >14 days after the start of the main outbreak (eAppendix; http://links.lww.com/eDe/A941).
Statistical Analysis
A simple approach to estimate the incubation distribution from interval-censored data is to impute the midpoint of the exposure interval for each patient, and then estimate the distribution based on these "exact" incubation times. 5, 15 However, this approach is somewhat naive, and is likely to overestimate incubation distributions which tend to be right-skewed. 3 for the subset of cases with exposure dates, we used two approaches to estimate the incubation period distribution. first, we used a nonparametric estimator of the survival function that is a generalization of the Kaplan-Meier estimator for interval-censored data. 16 Second, we fitted a lognormal distribution 1, 6, 7, 17 allowing for interval censoring, estimating the location and scale parameters (μ and σ) using Markov Chain Monte Carlo in a Bayesian framework.
to evaluate the association between the incubation period and the severity of disease, we first estimated the difference in mean incubation period between fatal and nonfatal cases in a Bayesian framework. However, this analysis could not account for potential confounding factors, such as age, that are known to be associated with the duration of the incubation period 5, 6 and with the severity of disease. 10 We therefore specified a multivariable logistic regression model where death was the binary response variable and predictors included age, sex, occupation, and the incubation time T i of each patient. We performed this with T i resampled from the 10,000 posterior samples in each Markov Chain Monte Carlo iteration. for the Amoy Gardens subset, we first estimated the potential date of infection for all cases by comparing the epidemic curve with the lognormal incubation period distribution estimated above, and then included this date in a similar logistic regression model. in each of the analyses, we specified flat priors for each parameter, and drew 10,000 samples from the posterior distributions after a burn-in of 5,000 iterations. further technical details of the statistical methods are provided in the eAppendix (http://links.lww.com/eDe/A941). All analyses presented here were conducted using r version 3.1.1 (r foundation for Statistical Computing, Vienna, Austria).
RESULTS
Among the 1,755 probable cases of SArS in Hong Kong, 302 (17%) patients died. 10 the mean age was 44 years, 23% were healthcare workers, and patients who died were older and more likely to be male and not healthcare workers (table) . Among the 1,755 cases, we identified 234 cases with an exposure period contained within the interval 0 to 20 days and 308 cases in the "Amoy Gardens" subset with an onset date within the interval 0 to 14 days (eAppendix; http://links. lww.com/eDe/A941). Both subsets had similar characteristics to the 1,755 cases with fatal outcomes in 25 of 234 (11%) of the patients with exposure data and 38 of 308 (12%) in the Amoy Gardens subset (table). parametric and nonparametric estimates of the incubation period distribution are presented in figure A and show close agreement. We found a shorter incubation period for the fatal cases with a mean of 3.7 days (95% credibility interval [Cri]: 2.6, 5.8), compared with a mean of 4.8 days (95% Cri: 4.2, 5.5) for the nonfatal cases, and a negligible difference in means of 1.02 days (95% Cri: −0.41, 2.22).
the epidemic curve in the Amoy Gardens outbreak followed a very similar pattern, consistent with an infection event on March 21, 2003 ( figure B ). incubation periods for each patient were calculated based on this infection date. in this group, the mean incubation period was shorter in the fatal cases at 4.5 days (95% Cri: 3.8, 5.6) than in the nonfatal cases at 5.5 days (95% Cri: 5.2, 6.0) with mean difference 1.06 days (95% Cri: 0.16, 1.97). in the multivariable logistic regression model, we found that a shorter incubation period was generally associated with an increased risk of death in both subsets of patients. this association was observed in the analysis of the patients with exposure intervals (odds ratio = 0.86; 95% Cri: 0.71, 1.00), as well as in the Amoy Gardens cluster with an odds ratio = 0.79 (95% Cri: 0.67, 0.94; see also eAppendix; http://links. lww.com/eDe/A941).
to examine the sensitivity of our results to inclusion of patients with wide exposure intervals for the cases with exposure data, we also fitted the logistic regression models for a subset of 185 patients with shorter exposure intervals, and found very similar associations of the incubation period with risk of death (eAppendix; http://links.lww.com/eDe/A941). in addition, to examine the sensitivity of our results to the assumption of a linear association between incubation time and the log-odds of death, we categorized incubation times into tertiles and found similar results (eAppendix; http://links. lww.com/eDe/A941).
DISCUSSION
We estimated the incubation period of SArS based on two different subsets of patients, the latter with available data on exposure periods and the former with the hypothesis of an index patient contamination, and compared the length of this period between fatal cases and nonfatal cases to identify a correlation between shorter incubation and greater severity, allowing for potential confounding by age, sex, and occupation. to the best of our knowledge, ours is the first study to examine the association between the incubation period and the severity of SArS in the literature to date. it is unlikely that a shorter incubation period itself is the cause of greater severity, but our results indicate that it could be a marker of underlying biologic processes that led to greater severity. A shorter incubation period could indicate a higher infective dose, leading to faster/greater pathogen replication, out-running adaptive immune responses or leading to a more aggressive and damaging inflammatory response, and thus leading to more severe disease.
An association between severity and a shorter incubation period was suggested by Glynn and Bradley 8 in a study on malaria where a longer incubation period was associated with tertian fever, spontaneous recovery, and less use of modifying treatment. Another study on salmonella infection reported a correlation between infecting dose and severity of the infection. 9 in a previous study, we showed that healthcare workers, who could have received a higher infecting dose, had a significantly shorter incubation period compared with nonhealthcare workers. 6 it may also be biologically plausible that a more rapid progression from infection to symptom onset is correlated with more rapid disease progression after onset.
our study does have some limitations, including a low number of fatal cases having available exposure data that may not be fully representative of all infections. in addition, exposures were self-reported and could be subject to recall bias which was differential and affected by severity, and the cases in the Amoy Gardens cluster may not have all been infected on the same date.
